The superior fiber properties of Gossypium barbadense L. serve as a source of novel variation for improving fiber quality in Upland cotton (G. hirsutum L.), but introgression from G. barbadense has been largely unsuccessful due to hybrid breakdown and a lack of genetic and genomic resources. In an effort to overcome these limitations, we constructed a linkage map and conducted a quantitative trait locus (QTL) analysis of 10 agronomic and fiber quality traits in a recombinant inbred mapping population derived from a cross between TM-1, an Upland cotton line, and NM24016, an elite G. hirsutum line with stabilized introgression from G. barbadense. The linkage map consisted of 429 simple-sequence repeat (SSR) and 412 genotyping-by-sequencing (GBS)-based single-nucleotide polymorphism (SNP) marker loci that covered half of the tetraploid cotton genome. Notably, the 841 marker loci were unevenly distributed among the 26 chromosomes of tetraploid cotton. The 10 traits evaluated on the TM-1 × NM24016 population in a multienvironment trial were highly heritable, and most of the fiber traits showed considerable transgressive variation. Through the QTL analysis, we identified a total of 28 QTLs associated with the 10 traits. Our study provides a novel resource that can be used by breeders and geneticists for the genetic improvement of agronomic and fiber quality traits in Upland cotton.
A s the world's foremost natural fiber crop, cotton supports a multibillion-dollar production and processing industry. Even though cotton is predominantly cultivated for its fiber, a byproduct of cotton processing-cottonseed-is an important source of vegetable oil and high protein meal. The cotton genus (Gossypium) captures a tremendous range of phenotypic and genomic diversity, with a striking native geographic distribution that includes regions of Africa, Asia, Australia, and the Americas (Fryxell, 1968 (Fryxell, , 1971 (Fryxell, , 1992 . The nearly 50 species that are assigned to this genus have undergone extensive chromosomal evolution, allowing separation into one of nine genome groups that consist of either diploid (A-G and K) or allotetraploid (AD) species (reviewed in Wendel and Cronn, 2003) . Remarkably, tetraploid cotton appeared within the last 1-2 million years from a likely intercontinental dispersal of an A-genome diploid to the Americas, followed by hybridization with an indigenous D-genome diploid most closely similar to the extant wild species, G. raimondii (D5) (reviewed in Wendel et al., 2009) . Within the Gossypium genus, two of the five tetraploid species (2n = 4x = 52; G. hirstum and G. barbadense), along with two diploid species (2n = 2x = 26; G. herbaceum and G. arboreum), were independently domesticated for cotton fiber production in the last few thousand years in the New and Old World (Reviewed in Brubaker et al., 1999) . However, the two cultivated tetraploid species, G. hirstum and G. barbadense, account for the vast majority of global cotton production.
The higher-yielding and more broadly adapted G. hirsutum (source of Upland cotton) is responsible for >90% of the current world production of cotton fiber. With the increasing global demand for textile products and intense competition from synthetic fibers, the need for higher-yielding Upland cotton cultivars with improved fiber quality has never been more critical. Inopportunely, there has been a continual decline in the rate of gain in cotton yields over the past decade (Meredith, 2000) . This yield plateau is likely the result of a very narrow genetic base for Upland cotton that was initially imposed by polyploidization and domestication bottlenecks, followed by a recent extended period of genetic improvement that relied on the overutilization of elite germplasm within breeding programs that often captured a miniscule fraction of the exploitable standing genetic variation (Brubaker et al., 1999; May et al., 1995; Paterson et al., 2004; Wendel et al., 1992) . The continued genetic erosion of the Upland germplasm pool has become ever more systemic due to the excessive genetic restriction that results from backcross breeding approaches routinely employed to develop commercial transgenic cotton cultivars (Paterson et al., 2004; Van Esbroeck et al., 1998) . Such limited allelic variation not only restricts the rate of increase in yield potential, but also increases the genetic vulnerability of Upland cotton to adverse climatic episodes, as well as pest and disease epidemics.
Although G. barbadense (source of Egyptian, Pima, and Sea Island cotton) is grown in limited areas around the world, its fiber quality properties are superior to that of G. hirsutum. Unfortunately, efforts to enhance the fiber quality of G. hirsutum through hybridization with G. barbadense have been largely unsuccessful due to the preferential elimination of G. barbadense alleles in the F 2 and later generations (Stephens, 1949) . This selective loss of G. barbadense alleles not only results in extensive segregation distortion (Jiang et al., 2000; Reinisch et al., 1994) , but also leads to the predominant expression of phenotypes that most closely resemble G. hirsutum. Additionally, there is a reduction in fitness that manifests itself as a decline in vigor and fertility in advanced generations of G. hirsutum × G. barbadense populations (Stephens, 1950) . This phenomenon, termed hybrid breakdown, has severely limited the value of interspecific populations for the genetic improvement of fiber quality in Upland cotton. This has made it particularly difficult, if not impossible, to develop a large number of fertile, interspecific inbred lines for multienvironment trials on a commercial scale. Therefore, an alternative breeding approach is needed to widen the genetic base of Upland cotton with novel, favorable alleles from G. barbadense.
The crossing of G. hirsutum inbred lines possessing stable introgression segments from G. barbadense with elite Upland cotton cultivars is an approach that could result in the development of breeding populations for the genetic improvement of fiber quality with a lower incidence of hybrid breakdown. Through multiple cycles of recombination and selection of canonical phenotypes from both parental species, it was possible to develop NM24016, an elite G. hirsutum line with significant introgression from diverse G. barbadense lines that accounts for an estimated one-third of the mosaic genome (Cantrell and Davis, 2000; Tatineni et al., 1996) . This stable introgressed line was crossed to TM-1, an Upland cotton line that is the genetic standard of G. hirsutum (Kohel et al., 1970) , to develop a cotton mapping population of recombinant inbred lines (RILs) that has been shown to have tremendous phenotypic diversity, especially transgressive variation for fiber quality traits (Gore et al., 2012; Percy et al., 2006) . However, the lack of a genetic linkage map, as well as lack of QTLs associated with fiber quality properties, has restricted the value of this novel mapping resource to the global cotton community.
The identification of QTL alleles associated with economically important traits in an intraspecific inbred mapping population with introgression segments from G. barbadense could facilitate the molecular breeding of higher-yielding Upland cultivars with enhanced fiber quality. The objectives of this study were (i) to construct a linkage map for the TM-1/NM24016 population, and (ii) to identify favorable QTL alleles associated with agronomic and fiber traits.
Materials and Methods

Plant Materials and Phenotypic Evaluations
The construction and phenotypic evaluation of the TM-1 × NM24016 recombinant inbred mapping population were previously described (Gore et al., 2012; Percy et al., 2006) . Briefly, TM-1, NM24016, and 98 F 5:7 RILs were evaluated in a completely randomized block design at Las Cruces, NM, and Maricopa, AZ, in 2001 and 2002. In three of the four environments, four complete replications of the experiment were grown. In 2001, three complete replications of the experiment were grown at Las Cruces. Experimental units were two-row plots with an interrow spacing of 1.01 m at each location. The length of plots was 12.2 m in 2001 and 10 m in 2002. Mechanical harvesting of plots was performed with a two-row harvester. Before mechanical harvest, boll samples (50 bolls at Maricopa and 25 bolls at Las Cruces) were harvested by hand. The collected seedcotton samples were ginned using a laboratory 10-saw gin to allow for the measurement of boll and fiber quality traits. The RIL population and its two parents were phenotyped for boll size (grams boll ), plant height (meters) at harvest (only Maricopa environments), fiber length (millimeter; 2.5%-and 50%-span lengths, the distance spanned by 2.5% and 50% of the fibers), micronaire (unit), strength (kilonewtons meter -1 kilogram -1 ), elongation (percent), and uniformity (percent). A digital fibrograph was used to measure fiber length, and a Fibronaire instrument (Motion Control, Dallas, TX) was used to measure micronaire. A stelometer was used to measure fiber strength and elongation.
DNA Isolation
Self-pollinated seeds from TM-1, NM24016, and 95 of the 98 F 5:7 RILs were germinated in Petri dishes lined with moistened filter paper at 32°C in a growth chamber. Viable self-pollinated seeds were not available for lines NM26, NM54, and NM59. For each line, root tips were bulk harvested from an average of ten 5-d-old seedlings. Total genomic DNA was isolated from homogenized fresh 5-d-old root tissue using 2% cetyltrimethyl ammonium bromide as previously described (Paterson et al., 1993) , followed by purification with an Omega E.Z.N.A. HiBind DNA column (Omega Bio-Tek, Norcross, GA). The DNA concentration and purity of each sample were measured with a microvolume UV-Vis spectrophotometer (NanoDrop Technologies, Inc., Wilmington, DE).
Simple-Sequence Repeat Marker Analysis
Genomic DNA samples of TM-1 and NM24016 were first screened with 2183 SSR markers to identify polymorphic markers between the two mapping parents. Primer sequences for SSR markers are available from the CottonGen database (http://www.cottongen.org, verified 6 Dec. 2013) and a substantial number of them are included in a high-density linkage map for an interspecific cross between TM-1 (G. hirsutum) and 3-79 (G. barbadense) (Fang and Yu, 2012) . Simple-sequence repeat oligonucleotide primers were purchased from Sigma Genosys (Woodlands, TX) and Life Technologies (Foster City, CA). Forward primers were fluorescently-labeled at the 5¢ end with 6-FAM (6-carboxyfluorescein), HEX (4, 7, 2¢, 4¢, 5¢, 7¢-hexachloro-6-carboxyfluorescein), or NED (2, 7¢, 8¢-benzo-5¢-fluoro-2¢, 4, 7-trichloro-5-carboxyfluorescein). PCR assay conditions for SSR marker loci were as previously described (Fang et al., 2010) . Briefly, three pairs of primers that each had a different fluorescent label were multiplexed in each PCR assay. The 10-mL PCR reaction included 20 ng of genomic DNA, 2.5 µM each of the forward and reverse primers, 3.5 mM MgCl 2 , 0.2 mM deoxynucleotide triphosphates, 1 unit of DNA Taq polymerase (Promega Corporation, Madison, WI), and 1´ reaction buffer without MgCl 2 . Amplification conditions were 95°C for 3 min, followed by 34 cycles of 94°C for 45 s, 55°C for 45 s, and 72°C for 1 min, with a final step of 72°C for 10 min. Amplified fragments were separated and sized on an automated capillary electrophoresis system ABI 3730XL (Applied Biosystems, Inc., Foster City, CA). GeneScan-500 ROX (Applied Biosystems, Inc.) was used as an internal DNA size standard. The output was analyzed with GeneMapper 4.0 (Applied Biosystems, Inc.).
Of the 2183 SSR markers that were screened, 538 of them were polymorphic between the two parents, and were subsequently used to genotype the 95 RILs following the approach of Fang et al. (2010) as was briefly described in the previous paragraph. We designated duplicated marker loci by adding a lowercase letter in sequential alphabetical order after the primer name. As reported in Gore et al. (2012) , there was a low incidence of more than two parental alleles (15 loci) and putative nonparental alleles (54 loci; average of 2.5% nonparental alleles per RIL) for SSR loci. For each SSR locus with more than two parental alleles, the rarest alleles (i.e., lowest minor allele frequencies) were conservatively converted to missing data to allow for only one major allele from each parent. In addition, all putative nonparental alleles were converted to missing data.
Genotyping-by-Sequencing Marker Analysis
We constructed a PstI-MspI GBS library with a set of optimized barcoded adapters (P384A) as previously described (Poland et al., 2012) . The 96-plex library consisted of the two mapping parents (TM-1 and NM24016) in duplicate and 92 RILs. The constructed library was sequenced twice on an Illumina HiSeq 2000 platform (Illumina Inc., San Diego, CA), which generated 113.8 M and 160.1 M sequence reads, respectively. Single-nucleotide polymorphism identification and population genotyping were conducted as described by Poland et al. (2012) . Briefly, putative biallelic SNPs were identified by internally aligning sequence tags (i.e., unique sequences within the entire set of tags) with a maximum mismatch allowance of three nucleotides in a 64 bp tag. In addition, putative SNPs needed to be present in greater than 20% of the inbred lines. To filter for true SNPs, a Fisher's exact test was implemented to determine if the two SNP alleles were independent in the population of inbred lines. Putative SNPs for which the null hypothesis of independence was rejected at a significance level of a = 0.05 were converted to SNP calls in the population.
Linkage Map Construction
We used 499 SSR loci detected by 459 SSR primer pairs and 491 SNP marker loci to construct a linkage map with JoinMap version 4.0 software (van Ooijen, 2006) . Linkage groups were created at a logarithm of odds (LOD) score threshold of 5. Marker orders were estimated using the maximum likelihood mapping algorithm. Recombination fractions were converted to map distances (centimorgans) via the Kosambi mapping function (Kosambi, 1944) . For each locus included in the linkage map, segregation distortion was tested by c 2 analysis (df = 1) against the expected 1:1 ratio in a RIL population. A Bonferroni correction was used to control the family-wise error rate for multiple c 
Localization of Markers on the G. raimondii Reference Genome Sequence
We downloaded the 13 pseudomolecule chromosomes (~750 Mb) of the diploid D 5 genome species G. raimondii (JGI assembly v. 2.1; http://www.phytozome.net, verified 6 Dec. 2013) (Paterson et al., 2012 for SSR markers and 1 ´ 10 -10 for SNP markers. A higher E-value cutoff was used for the relatively shorter SNP context sequences because shorter alignments tend to produce higher E-values (Karlin and Altschul, 1990) .
Phenotypic Data Analysis and Heritability Estimation
The 10 traits were initially screened for outliers in SAS version 9.3 (SAS Institute, 2012) by examining the Studentized deleted residuals (Kutner et al., 2004) obtained from mixed linear models fitted with environment, line, and replication nested within environment as random effects. For each trait, a best linear unbiased predictor (BLUP) for each line was predicted from a mixed linear model fitted across environments with ASReml v. 3.0 (Gilmour et al., 2009) :
in which Y ijk is an individual phenotypic observation on a single plot; m is the overall mean; env i is the effect of the ith environment; line j is the effect of the jth line; env ´ line ij is the effect of the interaction between the jth line and the ith environment; rep(env) ik is the effect of the kth replication within the ith environment; and e ijk is the random error term. Likelihood ratio tests were conducted to remove all terms from the model that were not significant at a = 0.05 (Littell et al., 1996) . The final model was used to estimate BLUP values for each line. The variance components from these final models were used to estimate broad-sense heritability on an individual plot (  2 p H ) and a line-mean basis (  2 l H ) per Holland et al. (2003) . The standard errors of heritability estimates were approximated with the delta method (Holland et al., 2003) .
Quantitative Trait Locus Analysis
For BLUPs of each trait, we mapped additive QTL effects with inclusive composite interval mapping (ICIM) (Li et al., 2007) , a variant of composite interval mapping (CIM), in QTL IciMapping v. 3.2 software (https://www. integratedbreeding.net, verified 6 Dec. 2013). The ICIM method consists of two stages. In the first stage, stepwise regression was used to fit individual markers in a general linear model. For each trait, the probability levels for markers to enter and exit the model were calculated by a permutation procedure run 1000 times (Anderson and Braak, 2003) . The P-value corresponding to an overall Type I error rate of a = 0.05 was approximately 1 × 10 -4 for the RIL population. To prevent a marker from entering and exiting the model during the same step, the entry threshold was set to P = 1 × 10 -4 , while the exit threshold was set to P = 2 × 10 -4 . In the second stage, one-dimensional scanning across the entire genome at 1-cM steps was conducted based on coefficient estimation in the first stage. For each trait, a permutation procedure (Churchill and Doerge, 1994) was run 1000 times in the QTL IciMapping v. 3.2 software to select the LOD threshold for an experiment-wise Type I error rate of a = 0.05. The LOD thresholds at a = 0.05 ranged from 3.33 to 3.45 with an average LOD score of 3.39.
Results
Genetic Properties of the TM-1 × NM24016 Linkage Map
We used 2183 SSR markers to screen TM-1 and NM24016 for polymorphisms and found 538 polymorphic markers between the two mapping parents. When the 538 SSR markers were used to evaluate the TM-1 × NM24016 mapping population, 65 of them were identified as monomorphic within the population. An additional 14 SSR markers did not produce distinct, reproducible patterns of polymorphism among lines, and thus were not used for linkage map construction. Of the remaining 459 SSR markers, 419 scored a single locus each, while the other 40 scored two loci each, for a total of 499 SSR marker loci. In a complementary experiment, the parents and population were genotyped with a highly multiplexed, GBS approach to further increase the number of markers available for constructing a linkage map. With this approach that simultaneously combines polymorphism identification and genotyping, 491 biallelic GBS-based SNP loci were scored in parallel across the parents and their progeny with high confidence. Taken together, the two genotyping approaches scored a total of 990 SSR and SNP loci across the RIL population.
Of the 990 marker loci used for linkage map construction, 841 could be assigned to 117 linkage groups, while the other 140 could not be assigned to any linkage group (Table 1) . The number of markers on each linkage group ranged from 2 to 57, and the linkage map covered a total of ~2,061 cM of the cotton genome. If not considering the three linkage groups that each consisted entirely of markers that cosegregated, the length of each linkage group ranged from 0.51 to 55.46 cM, while the average distance between two markers for linkage groups ranged from 0.30 to 17.50 cM. Of the 841 mapped marker loci, statistically significant segregation distortion was detected for 145 loci (17.2%) at a Bonferroni-corrected threshold of 5%. In general, there was a bias for TM-1 alleles at these 145 loci, suggesting a selective elimination of alleles from NM24016. Interestingly, loci with distorted segregation ratios were especially prevalent for two linkage groups that mapped to chromosomes 8 and 23, accounting for 40.0% of the 145 loci. The average residual heterozygosity for each marker locus ranged from 0 to 14.29%, with an overall average of 3.88%. For each RIL, the average residual heterozygosity was 3.85% and ranged from 0 to 25.72%.
Comparative Analysis with the TM-1 × NM24016 Linkage Map
We putatively assigned 116 of the 117 linkage groups to specific chromosomes of tetraploid cotton using the intersection of SSR markers between the TM-1/NM24016 and previously published linkage maps (Blenda et al., 2012; Fang and Yu, 2012) , in combination with anchoring markers to the G. raimondii (D 5 diploid) reference genome sequence (Paterson et al., 2012) . On average, each chromosome had 4.33 linkage groups, but marker loci were unevenly distributed among the 26 chromosomes (Table 1) . Notably, no marker loci were mapped to chromosome 18, while chromosome 4 only had two loci that spanned 4.07 cM. In contrast, chromosomes 11 and 19 had the highest marker densities, with 84 and 81 loci, respectively. There was a moderately strong positive correlation (R 2 = 0.42, P < 0.0005) between the number of SSR and SNP marker loci per chromosome, indicating that both SSR and SNP loci were unevenly distributed in a related manner. Interestingly, there was essentially no correlation (R 2 = 0.04, P = 0.33) between the number of markers per chromosome and estimates of physical chromosome size (Mb) from G. raimondii (D5 diploid) and G. arboreum L. (A2 diploid) (Paterson et al., 2012; Wang et al., 2008) . With very few exceptions, chromosomal assignments based on existing linkage maps were also concordant with those inferred by aligning marker sequences to the G. raimondii genome sequence (Supplementary Table S1 ). However, there were 141 markers (113 SNP and 28 SSR) that could not be aligned to the genome sequence (no hits found). Of these 141 markers, 114, 26, and 1 were linkage mapped to A T (Chr.01-13), D T (Chr.14-26), and unknown chromosomes, respectively.
We compared the colinearity of SSR markers shared between our intraspecific linkage map and an existing high-density linkage map constructed for an interspecific RIL population (G. hirsutum TM-1 × G. barbadense 3-79) that also used TM-1 as the female parent (Fang and Yu, 2012) . A total of 316 SSR marker loci from 99 linkage groups of the TM-1 × NM24016 map were found to also exist in the TM-1 × 3-79 linkage map. Among the 316 shared marker loci, 187 of them were perfectly collinear between the two linkage maps. In contrast, there were 129 discordant marker loci nearly evenly split between A T (63 loci) and D T (66 loci) chromosomes (Supplementary Table S1 ). Furthermore, these discrepancies in collinearity were restricted to only 19 and 16 linkage groups assigned to A T and D T chromosomes, respectively. The alignment of markers to the G. raimondii (D 5 diploid) genome sequence, however, revealed that TM-1 × NM24016 map positions for at least 17 of the 66 discordant loci (25.8%) mapping to D T chromosomes were collinear with their physical positions. The availability of a draft genome sequence for G. hirsutum and G. barbadense will be critical to more precisely resolve marker order along a chromosome and shed light on potential cryptic structural variation.
Heritabilities and QTL Mapping of Traits in the TM-1 × NM24016 Population
With a mixed model that corrected for systematic environmental effects, we reassessed 10 agronomic and fiber quality traits that had been scored on the TM-1 × NM24016 population at two locations in 2001 and 2002 (Percy et al., 2006) . Similar to the findings of Percy et al. (2006) , the midparent BLUP, as well as the mean and range of progeny RIL BLUPs, revealed substantial variability for the 10 traits, with RIL progeny especially showing transgressive variation for fiber quality traits ( Table 2) . Estimates of broad-sense heritabilities on an individual-plot basis (  2 p H ) ranged from 0.30 to 0.68. In contrast, estimates of broad-sense heritabilities on a linemean basis (  2 l H ) ranged from 0.85 to 0.95, which were slightly higher than broad-sense heritability estimates obtained by Percy et al. (2006) . Thus, replication of the experiment across multiple environments provided a 35 to 72% increase of mean heritability for these 10 traits. This has important implications for complex trait dissection because the statistical power to detect QTLs is higher for traits with relatively higher heritability (Yu et al., 2008) . The estimated BLUPs for the 10 agronomic and fiber traits were used to map QTLs with the ICIM procedure. The QTL analysis identified a total of six QTLs for five traits at an experiment-wise Type I error rate of 5% ( Table  3 ). Given that the sample size of the TM-1 × NM24016 mapping population (n = 95) only has adequate statistical power to repeatedly detect large effect QTLs (Xu, 2003) , we searched for QTLs with more modest effects at an experiment-wise Type I error rate of 20%. With this lessconservative Type I error rate, an additional 22 QTLs were identified (Supplementary Table S2 ). When considering a combined total of 28 QTLs, the number of QTLs associated with each trait ranged from one (lint yield, plant height, 2.5%-and 50%-span length) to seven (fiber strength). Given that the 22 weaker effect QTLs were only identified with a relaxed Type I error rate, we focused on the six QTLs that were declared significant at the more stringent genome-wide significance threshold.
These six QTLs were distributed among chromosomes 11, 15, 17, 19, and 25 (2 QTLs) . One of the two QTLs for fiber length uniformity mapped to a position on chromosome 25 that was coincident with the 2.5%-span length QTLs. Interestingly, these two QTLs on chromosome 25 showed opposite sign allelic effects, and there was a modest negative correlation (R 2 = 0.31, P < 0.0001) between the BLUPs of these two fiber traits. The percent variance explained by an individual QTL ranged from approximately 14 to 22%. Length uniformity was the only trait for which two QTLs were identified, with a QTL each located on chromosomes 15 and 25. Taken together, these two QTLs accounted for approximately 37% of the total variance for length uniformity and approximately 42% of genetic variance.
Interestingly, both parents contributed favorable alleles for agronomic and fiber traits. Of the six QTLs identified, four of them had positive additive effects, implying a higher value for boll size, fiber strength, and length uniformity conferred by alleles from TM-1. The other two QTLs had negative additive effects, suggesting that TM-1 contributed alleles that reduced lint yield and 2.5%-span length at these two loci.
Discussion
In general, G. barbadense has superior fiber quality, but is lower yielding and less adapted to cotton growing regions relative to G. hirsutum. Unfortunately, efforts to transfer novel genetic variation for fiber traits from G. barbadense to modern Upland cotton have been repeatedly slowed by hybrid breakdown in the F 2 and later generations (Jiang et al., 2000; Reinisch et al., 1994; Stephens, 1949; Stephens, 1950) . Elite G. hirsutum cotton lines with stabilized introgression from G. barbadense could be used as parental lines to potentially help overcome this genetic barrier (Cantrell and Davis, 2000; Tatineni et al., 1996) , but a greater wealth of genetic and genomic resources is needed to accelerate such an effort in molecular breeding programs of Upland cotton. To address this issue, we constructed a linkage map for an immortal Upland cotton mapping population with introgressed segments from G. barbadense and conducted a QTL analysis of 10 agronomic and fiber traits. Our study is the first to use a GBS approach to simultaneously identify and score SNPs within a cotton mapping population and identify QTLs for complex trait variation with this novel mapping resource.
We constructed an intraspecific linkage map of tetraploid cotton with 841 SSR and biallelic GBS-based SNP loci that spanned 2061.06 cM of the genome. These 841 marker loci were assembled into 117 linkage groups, of which 116 could be putatively assigned to 25 of the 26 Table 2 . Means and ranges of best linear unbiased predictors (BLUPs) for 10 traits evaluated within the TM-1 ´ NM24016 population, midparent values, and estimated broad-sense heritabilities on an individual-plot basis ( cotton chromosomes. The tetraploid cotton genome has an estimated genetic distance of 4070 cM (Blenda et al., 2012) , thus the 117 linkage groups covered 50.6% of the genome. As would be expected for elite Upland cotton germplasm (Van Deynze et al., 2009) , this incomplete genome coverage is likely attributed to the low level of nucleotide diversity that exists between TM-1 and NM24016 (Lu et al., 2009 ) for the single-copy genomic fraction that the GBS method preferentially targeted. Such low levels of diversity have also limited past efforts to construct linkage maps with complete genome coverage for Upland cotton (Byers et al., 2012; Lin et al., 2009; Shen et al., 2007; Ulloa et al., 2002; Zhang et al., 2009 ). The 841 SSR and SNP marker loci were unevenly distributed among the 26 chromosomes of cotton (Table 1) . Chromosomes 11 (84 loci) and 19 (81 loci) had the highest number of mapped SSR and SNP marker loci, while chromosomes 18 (0 loci) and 4 (2 loci) had the fewest. Similarly, Lin et al. (2010) revealed a biased distribution of mapped SSR markers among cotton chromosomes based on the integration of seven interspecific linkage maps, with the most SSR markers mapped to chromosomes 11 and 19 and least to chromosomes 2 and 4. The unbalanced chromosomal distribution of marker loci is unlikely to be entirely attributed to the genomic location of introgressed segments from G. barbadense, because 40% of the 145 loci with highly significant segregation distortion-potential signatures of introgression segments in G. hirsutum mapping populations -were contained in only two linkage groups that mapped to chromosomes 8 and 23. Furthermore, even though a higher rate of polymorphism was observed between TM-1 and NM24016 for chromosomes 11 and 19, only 9.5-11.1% of the marker loci on these two chromosomes showed highly significant segregation distortion, respectively.
Given that this is the first application of GBS in a cotton RIL population, it is not possible to compare our results to that of other cotton studies. However, if the genome structure and patterns of diversity for tetraploid cotton resembles that of other species such as barley (Hordeum vulgare L.) and wheat (Triticum aestivum L.), the employed two-enzyme GBS approach is expected to identify and score SNPs evenly among chromosomes with respect to chromosome length, as well as at a fairly uniform density along chromosomes with the exception of recombinationally suppressed centromeric regions (Poland et al., 2012) . However, essentially no correlation (R 2 = 0.04, P = 0.33) was found between marker number per chromosome and physical chromosome size for the TM-1 × NM24016 linkage map. This nonuniform marker coverage of the tetraploid cotton genome conceivably resulted from large, monomorphic chromosomal blocks of identity by descent (IBD) between TM-1 and NM24016. With the implementation of SSR markers, Fang et al. (2013) identified 23 blocks of potential IBD of 20 cM or larger in a diversity panel of 193 Upland cotton cultivars. If pervasive in the modern germplasm pool, such large blocks of IBD will greatly impede the construction of medium-to high-density intraspecific linkage maps for elite Upland cotton lines.
In concordance with results of a comprehensive analysis conducted by Percy et al. (2006) on the same phenotypic data set, we detected remarkable transgressive variation for fiber quality traits and showed the 10 traits to be highly heritable (Table 2 ). These findings suggest that RILs with extreme phenotypes inherited novel combinations of complementary alleles from TM-1 and NM24016 (deVicente and Tanksley, 1993) . The extent to which the 10 agronomic and fiber traits were heritable within the TM-1 × NM24016 population was estimated as a function of variance components from mixed linear models (Holland et al., 2003) . Replicated evaluation of the intraspecific RIL population in Las Cruces, NM, and Maricopa, AZ, over 2 yr resulted in broad-sense heritabilities on a line-mean basis (  2 l H ) that ranged from 0.85 to 0.95 for the ten traits. These very high heritabilities suggest that the 10 Table 3 . Summary of inclusive composite interval mapping (ICIM) of 10 agronomic and fiber traits within the TM-1 × NM24016 population at an experiment-wise Type I error rate of 5%. traits should respond very favorably to selection based on line means when using the identical experimental design, and are predominantly controlled by QTLs (Holland et al., 2003; Hung et al., 2012) . With ICIM of the 10 agronomic and fiber traits within the TM-1 × NM24016 population, we identified a total of six QTLs associated with five traits at an experiment-wise Type I error rate of 5% (Table 3) . Only a single QTL was detected for each of boll size, lint yield, fiber strength, and 2.5%-span length, while two QTLs were detected for length uniformity. Although these five traits are highly heritable (Table 2) , the detected QTLs explained only approximately 20 to 42% of the estimated heritability for their associated traits. However, the proportion of phenotypic variance explained by each QTL is likely to be substantially overestimated with a mapping population of only 100 individuals (Beavis, 1998) . Furthermore, no QTLs were detected for lint percentage, plant height, micronaire, fiber elongation, and 50%-span length at an experiment-wise Type I error rate of 5%, which are also highly heritable traits.
A number of factors are likely contributing to the heritability remaining largely unexplained for these 10 traits. Even though the linkage map consisted of 841 SSR and SNP loci, we estimated that about 50% of the tetraploid cotton genome was not evaluated in the QTL analysis. Such a large portion of the genome is likely to harbor additional QTLs, but some of these QTLs could be interspersed among large blocks of IBD. In addition, a sample size of only 95 RILs does not provide sufficient statistical power to repeatedly identify QTLs with small to intermediate effects (Xu, 2003) . An additional 22 QTLs with relatively weaker effects were detected for these traits at a less stringent experiment-wise Type I error rate of 20% (Supplementary Table S2 ), implying that these traits have a polygenic inheritance and are likely more suitable for genomic prediction models (Gore, unpublished data, 2013) . The problem of missing heritability will need to be addressed through the construction and evaluation of larger mapping populations for cotton, in combination with higher-coverage linkage maps. Irrespective of these statistical limitations, these 28 identified QTLs still enhance concerted efforts for genomics-assisted selection in Upland cotton, but the true novelty of these QTLs will need to be assessed through a comprehensive metaanalysis of QTLs for agronomic and fiber quality in multiple cotton RIL populations (J. Zhang, unpublished data, 2013) .
Conclusions
The construction of high-density linkage maps for genome-wide QTL analysis in intraspecific cotton populations has long been a formidable challenge. The implementation of a GBS method combined with fluorescence-based SSR genotyping enabled the construction of a linkage map with 841 SSR and SNP loci that covered half of the tetraploid cotton genome, which enabled the identification of favorable QTL alleles that could be valuable for the genetic improvement of Upland cotton. However, modification of the implemented GBS method is likely needed for a higher degree of SNP marker saturation for intraspecific cotton populations. Such modification could include the selection of more appropriate restriction enzymes for GBS in G. hirsutum that will lead to a higher frequency and more uniform distribution of SNP markers among chromosomes. This could be accomplished through an in silico digestion of the diploid and eventual tetraploid cotton genome sequences, which has been effective for maize (Zea mays L.) and soybean [Glycine max (L.) Merr.; Elshire et al., 2011; Gore et al., 2009; Varala et al., 2011] . In addition, the sequence variant-calling pipeline can be enhanced to also simultaneously discover and score presence or absence (dominant) and insertion or deletion (indel) markers. With a higher-density map on a genome-wide level, it will then be possible to more comprehensively exploit the value of introgressed mapping populations for the transfer of novel variation from G. barbadense or wild G. hirsutum lines to Upland cotton breeding programs. However, such a strategy needs to be combined with a powerful mating design such as nested association mapping (McMullen et al., 2009 ), which will permit the genetic architecture of complex traits to be dissected at an unprecedented level and further strengthen the foundation for genomics-assisted selection in Upland cotton.
